Mechanisms of heat transfer need to be understood to control plasma more efficiently in industrial applications. Floating potential is defined to be the potential on molten 25 mol%Na 2 O-SiO 2 glass surface and the dependence of transferred-type thermal plasma current on the floating potential of the glass has been studied using the Langmuir probe method. An anomalous probe voltage-current curve was found when the plasma current was applied under 3 A. It is also considered that the electrochemical reaction at the surface exists, which is dependent on the plasma current.
Introduction
Thermal plasma is a very useful heating source in several industries such as ore refining, garbage incinerators and chemical synthesis. Due to many applications of plasma, plasma processing has been extensively studied. The process of the synthesizing material is called as plasma processing and the process has many advantages over conventional processes.
Generally atmospheric plasma is called as thermal plasma and is thermodynamically situated in the local equilibrium state. The plasma is recognized as a heat reservoir in the vast metallurgical processes and has been applied in the refining of titanium, heating a tundish in the continuous-casting process and smelting iron in a cupola. An anode electrode is to be heated as the mechanism of heat transfer at the plasmaobject interface is advantaged in these applications. 1) Nagata et al. have applied thermal transferred type plasma onto molten 25 mol%Na 2 O-SiO 2 glass.
2) The glass sample is used as a slag which is an unavoidable by-product in the iron smelting process. The report showed that the evaporated amount of SiO 2 is greater than the calculated value.
Two types of calculation methods on the reaction mass have been carried out. One is an electrochemical calculation. 2, 3) For the transferred type plasma the plasma itself becomes a cathode electrode. It has been reported that the reaction mass depends on the electric charge between an anode and cathode.
3) Nagata et al. assumed the Faraday's Law when the sample is an electrolyte. 2, 3) The other type of calculation is a thermodynamic calculation. [4] [5] [6] Thermal plasma has high energy density and the object in the plasma experiences large thermal flow. The reaction mass obtained from this thermal energy is not negligible and thus should be calculated using the energy conservation law. Although this approach has some problems, it enables reasonably accurate calculations of the reaction mass. [4] [5] [6] As previously mentioned, the difference between the calculations and the experimental results is observed in the system. The phenomenon may be due to an anomalous mechanism of the chemical reaction at the metal oxideplasma interface. There is a huge potential enough to develop an electrochemical reaction at the interface and the potential is called as floating potential in plasma physics. However, the floating potential which is crucially important for such interface reaction is minimally reported on for the Na 2 OSiO 2 system.
In the present study the floating potential on the surface of molten 25 mol%Na 2 O-SiO 2 glass hated by transfer-type thermal plasma is measured using the Langmuir probe method. The potential was made by ions and electrons from plasma phase. The reaction mechanism at the surface is discussed based on the floating potential as well as the plasma emission spectra.
Experimental
The 25 mol%Na 2 O-SiO 2 slag becomes an ionic electric conductor only at high temperatures. Since the object to be heated by transferred type plasma must have high electric conductivity, the slag sample has to be heated. Thus the glass sample had been melted using the electrical furnace placed in the plasma chamber before the plasma was irradiated. The experiment was carried out using the plasma jet apparatus. Schematic drawings of the plasma apparatuses are shown in Fig. 1(a) . There are two main types of plasma apparatus. One is a transferred type, in which the voltage is applied between the cathode (A) and the anode (B) and the current passes through the object to be heated (C). The other is a nontransferred type, in which plasma is formed independently between the cathode (A) and the anode (B) and the plasma is irradiated to the sample by gas flow. The plasma jet which is employed in the present study is a mixed type as shown in Fig. 1(a) . The thermocouple made of platinum and 13%plat-inum-rhodium was placed in the corner of the sample as shown in Fig. 1(b) . High purity Ar (99.999%) gas was flowed as indicated with the arrow in Fig. 1(a) . The distance between the cathode and the surface of the sample was 20 mm and the The glass sample had good ionic electrical conductivity above 900 K. In the present study, the temperature of the furnace in the chamber was set at 1200 K resulting in the sample being in its melting state. The Lamgmuir probe method was employed for the measurement of the floating potential. Figure 1 (b) is a schematic drawing of a probe circuit in the present study. The potential of the glass surface shows the condition of the plasma phase at plasma-glass interface and was measured as a function of the current of the probe. The shape of the probe was cylindrical and made of tungsten which has a high melting point (3680 K). The chamber was evacuated, using a mechanical pump, and purged before introducing high purity Ar (99.999%) gas into the chamber. The process was repeated three times. After the sample was equilibrated at 1200 K in the furnace, the plasma was ignited and introduced into the chamber via Ar gas which has a flow rate of 2 l/min, as indicated by an arrow in Fig. 1(a) . After the steady plasma was obtained, 3 A, 4 A and 5 A currents (as indicated as I pl in Fig. 1(a) ) were put through the plasma. This current, I pl , is defined as plasma current in this paper. When the plasma current is set by applying plasma voltage, DC2, in Fig. 1(a) , the current of the probe as indicated as I pr in Fig. 1(b) was measured at the given probe voltage, V pr (DC1 in Fig. 1(b) ). The current, I pr , and the voltage, V pr are respectively defined as probe current and probe voltage in this paper. The measurement was carried out using a galvanometer (HA-501, Hokuto Denko Ltd. Tokyo, Japan). Plasma spectrum was measured with fiber optics type spectral apparatus (USB2000, Ocean Optics). Slit width is 5 mm and wavelength region was 250$800 nm. Figure 2 shows the photograph of 25 mol%Na 2 O-SiO 2 glass sample after the sample was radiated by the plasma using the plasma jet apparatus. After the experiment, the sample changed in color from colourless (transparent) to blue and the dimple was observed on the surface. The color is attributed to Fe ions that were introduced from an iron anode electrode.
Result
2) An iron current lead was used to supply electrons to the sample (Fig. 1(b) ) since iron has a higher melting temperature than copper and aluminum. The dimple on the surface resulted from the plasma pressure 7) as the sample was in it's melting state at the experimental temperature and thus distorted easily. Figure 3 shows the probe voltage, V pr , dependence on the probe current, I pr , when the plasma current, I pl , was set at 3 A, 4 A or 5 A. It was found that the electrification charge of the surface is largely dependent on the plasma current and that an increase in the plasma current made the floating potential large. This results from the increase in energy of electrons at the interface. The probe voltage shows anomalous probe current dependence for the plasma current of 3 A i.e. the probe current is very sensitive to the probe voltage (V pr ) around V pr ¼ 0. Figure 4 shows the plasma emission spectra when the plasma was radiated on the 25 mol%Na 2 O-SiO 2 sample. Each atomic emission spectrum for Ar, Na, Si and O is also depicted in the figure for comparison. 8) The peaks corresponding to sodium are observed in transferred type plasma. No sodium peaks are observed in the spectra when the nontransfer type plasma, i.e. no voltage was applied at DC2 in Fig. 1(a) , was utilized.
Discussion

Principle
The electrical double layer of plasma phase is called sheath. [9] [10] [11] [12] [13] The amount of electrical charge at the sheath is calculated from the floating potential. The floating potential was measured using the probe method that has a higher resolution than the spectroscopic method. When the sample is inserted into plasma, the surface is promptly negatively charged by the electrons in the plasma phase. The probe method measures the electrical charge that is a function of the electron energy in the plasma phase.
Each electrical conduction mechanism of the plasma states, , , in Fig. 5 is determined by measuring the potential of the surface. The potential difference between the surface of the sample and the plasma phase is measured as follows. The potential slightly above the surface is called floating potential. Therefore if the potential energy is applied to the surface until the potential of the surface becomes the same as the potential slightly above the surface, the applied energy is equal to the floating potential. Point A in Fig. 5 is the point where the probe current is zero. The floating potential equals the potential of the surface at the point because the probe current is caused by the potential difference between the sample surface and the plasma. Point B in Fig. 5 is the point at which the line extrapolated from the region intersects the line extrapolated from the region. Because point B indicates that V pr is zero at the surface, the V pr difference between A and B is equivalent to the potential difference between the surface and the floating potential. [9] [10] [11] [12] [13] This potential difference is defined as the potential difference in floating potential in the present study.
Validity of the measurement
The plasma current has effects on the I pr À V pr curve as shown in Fig. 3 . This also indicates that the floating potential is dependent on the plasma current. The floating potential is dependent on the electron energy at the interface.
Among the three currents, the curve for the plasma current of 3 A is anomalous since I pr values are predominantly corresponded to negative V pr and very sensitive to V pr at around V pr ¼ 0 V. When the plasma current is large (I pl ! 4 A), the energy of an ion and an electron at the interface is high. The charged particles that have highenergy form a sheath structure at the interface. A very high electrical field occurs inside sheaths that have a thickness close to the Debye length. The electrical field makes the current of the reaction hard to observe. When the plasma current is small, the energy of an ion and an electron at the interface is low. The particles cannot form a sheath structure. The phenomenon is observed only in the plasma irradiating against the molten metal oxide. This finding leads to a conclusion that the electrochemical reaction occurs at the surface as mentioned elsewhere.
2)
4.3 The electron energy of the plasma-melting salt interface Generally, gradient AB in Fig. 5 is the function of electron energy at the interface and the calculation is examined using the following equation. [9] [10] [11] [12] [13] [14] [15] [16] 
where k: Boltzmann constant, e: elementary charge, T e : electron energy at the interface between the sample surface and plasma. is constant number that is determined by the probe shape and the plasma pressure. But since of tubular probe had no annalistic answer, and eq. (1) gives the answer that may contain large error. 17) Therefore, the following equation [9] [10] [11] [12] [13] [14] [15] [16] was used for the calculation of the electron energy in this paper.
where È f : floating potential, m i : mass of ion, m e : mass of electron. Equation (2) is valid when the Maxwell distribution of electrons takes place. This assumption is acceptable if the particles in the plasma phase scarcely collide with one another in the sheath. Figure 6 shows plasma current dependence of floating potential. The floating potential increases with increments of the plasma current. These electron energies at the interface are higher than the reported values. 18) Furthermore, the potential of the 3 A curve was 0 and was anomalous. This discrepancy may be due to the sample states, i.e. in the present study the sample was in the molten state while the reported values are for the solid state.
4.4
The plasma state at the plasma-molten 25 mol%-Na 2 O-SiO 2 interface Degrees of electrolytic dissociation in the plasma phase can be calculated. The probe current at the electron sheath region (region in Fig. 6 ) is the function of electron density. The probe current is given in the following equation. 
where I pr-c : the probe current at the point C in Fig. 5 , S: the surface area of the probe, n e : number of electrons. The line AB and the gradient line of electric saturation region (region ) cross at point C. Using eq. (3) the electrolytic dissociation at the interface can be calculated from the experimental results and was about n e ¼ 10 14 (/cm 3 ). Generally the degree of electrolytic dissociation of thermal plasma can be calculated using Saha's equation. The possible elements that exist in the plasma phase are Na, Si and Ar. Due to the fact that the energy of the plasma in the present study was as low as thermal plasma ($3000 K), it could be considered that the reaction formula only includes the first gas ionization reaction. The Saha's equation was solved using distribution functions and other values, such as statistical weight, which were available in the literature. [19] [20] [21] [22] [23] [24] This calculation (simulation) has been examined for each metal (Si and Na) assuming that metal particles do not interact with each other. The assumption may be valid as the density of each metal particle is much smaller than that of Ar. The results of the simulation are shown in Fig. 7 . In the figure, a number of electrons at the interface between the plasma and the molten slag are plotted against the plasma temperature. Here, three types of plasma i.e. 100%Ar, 0.01 mol%Na-Ar and 0.0001 mol%Na-Ar, are considered. The degree of the electrolytic dissolution for Na is 1000 times larger than that for Si at 3000 K. Measured wavelength in the experiment, shown in Fig. 4 , had Na ion peaks and these results indicated that the plasma on the surface was Na plasma. But the degree calculated by eq. (3), i.e. n e ¼ 10 14 is much smaller than the degree of Fig. 7 at 3000 K. The degree of eq. (3) is empirical result. The discrepancy between empirical values using eq. (3) and theoretical values using Saha's equation is probably due to the melting sample.
Generally speaking, equation (2), (3) concludes an error factor because these equations assumes that the MaxwellDistribution is right at the interface. But the factor is ignorable considering the floating potential as the surface polarization of the slag. The problem is that the equation did not describe the effect from the glass. Energy of electrons in this system differed from reported values in the others and the energy of 3 A equals 0, which supports the existence of the error. The curves of 3 A indicated that an electrochemical reaction existed on the surface. Author suggests that eq. (2) must conclude a compensation term for the reaction activated by È exists on the surface as follows.
Where, rea : a compensation term of a reaction. rea can be the potential deference of the reaction. 4.5 The plasma chemical reaction at the plasma-slag interface In Fig. 3 the curves for I pl ¼ 4 and 5 A have ratedetermining steps at around V pr ¼ 0 V. These steps are a result of the sheath formation at the sample surface. On the other hand, the curve for I pl ¼ 3 A is anomalous as the curve has no rate-determining step and the probe current was obtained when the negative probe voltage was applied. The anomalous curve was observed only in the low plasma current ( 3 A) experiment. To the authors' knowledge such an anomalous phenomenon has not been reported. This may be attributed to the sample state (molten) and complicated reaction between plasma and the sample. The author's think that the reaction deciding electrode reaction rate exists at the interface. Nagata et al. reported selective vaporization of SiO in the some system. The experiment and calculation indicates that plasma phase on the surface has Na ions from molten slag and the ion makes effect on the reaction. Author thinks that the reaction that decides rate of reaction is as follows.
However, further study need to be carried out.
Conclusion
The dependence of plasma current on the floating potential for the 25 mol%Na 2 O-SiO 2 molten glass was measured using the Langmuir probe method. The electron energy at the plasma-glass interface was calculated. Results of the calculation are as follows.
(1) The floating potential of the sample was dependant on the plasma current, increasing with increasing plasma current. It brought out the phenomena that the electron energy at the surface gained energy from DC2. (2) The electron energy of the atmospheric plasma at the surface equaled that of vacuum plasma. This was because the plasma of the interface was in a nonequilibrium state. (3) The electron density at the interface was much smaller than the calculated value and the number was about 10 14 (/cm 3 ). (4) The anomalous voltage-current curve was observed when the plasma current was 3 A. The curve showed no rate-determining step and the probe current was measured when the negative probe voltage was applied. This anomalous phenomenon may be due to the chemical reaction at the interface.
